Edgerton VR. Electrophysiological biomarkers of neuromodulatory strategies to recover motor function after spinal cord injury. J Neurophysiol 113: 3386 -3396, 2015. First published February 18, 2015 doi:10.1152/jn.00918.2014The spinal cord contains the circuitry to control posture and locomotion after complete paralysis, and this circuitry can be enabled with epidural stimulation [electrical enabling motor control (eEmc)] and/or administration of pharmacological agents [pharmacological enabling motor control (fEmc)] when combined with motor training. We hypothesized that the characteristics of the spinally evoked potentials after chronic administration of both strychnine and quipazine under the influence of eEmc during standing and stepping can be used as biomarkers to predict successful motor performance. To test this hypothesis we trained rats to step bipedally for 7 wk after paralysis and characterized the motor potentials evoked in the soleus and tibialis anterior (TA) muscles with the rats in a non-weight-bearing position, standing and stepping. The middle responses (MRs) to spinally evoked stimuli were suppressed with either or both drugs when the rat was suspended, whereas the addition of either or both drugs resulted in an overall activation of the extensor muscles during stepping and/or standing and reduced the drag duration and cocontraction between the TA and soleus muscles during stepping. The administration of quipazine and strychnine in concert with eEmc and step training after injury resulted in largeramplitude evoked potentials [MRs and late responses (LRs)] in flexors and extensors, with the LRs consisting of a more normal bursting pattern, i.e., randomly generated action potentials within the bursts. This pattern was linked to more successful standing and stepping. Thus it appears that selected features of the patterns of potentials evoked in specific muscles with stimulation can serve as effective biomarkers and predictors of motor performance. epidural stimulation; evoked potentials; quipazine; spinal cord injury; strychnine THERE IS A LARGE BODY OF EVIDENCE demonstrating how standing and stepping can be regulated and modulated pharmacologically into a variety of activation patterns and specific kinematics characteristics. These effects have been studied in a variety of experimental models ranging from normal in vivo locomotion (Barbeau et al. 1999; Rossignol et al. 1999 ) to highly reduced preparations that eliminate supraspinal (Grillner and Jessell 2009; Kjaerulff and Kiehn 1996) and/or peripheral (Lavrov et al. 2008a ) sensory input. Our focus has been to determine how selected drugs known to be related to postural and locomotor circuits modulate the lumbosacral circuitry output during acute and chronic periods after a midthoracic, complete spinal cord transection, i.e., the response of the neural circuits intrinsic to the lumbosacral segments when processing online sensory input in vivo with no influence from the brain ( Here we have focused on both quantitative and qualitative changes in the lumbosacral circuitry with repetitive presentation of eEmc and fEmc concurrently with step training. Our previous work in animal models demonstrates that it is highly likely that the more effective pharmacological intervention to promote the most robust recovery of motor function after a spinal cord injury will be some combination of pharmacological agents having synergistic and complementary effects on the networks of spinal interneurons and motoneurons associated with these tasks (Musienko et al. 2011 ). In addition, electrophysiological studies have shown a modulation of the middle and late responses (MRs and LRs) evoked in target hindlimb muscles with eEmc and/or fEmc. In contrast to Wenger et al. (2014), our results suggest that the most effective locomotion pattern in response to eEmc and fEmc is derived when a greater proportion of the evoked responses from motor pools are randomly dispersed as LRs rather than MRs relative to each eEmc stimulation pulse (Gad et al. 2013c) .
epidural stimulation; evoked potentials; quipazine; spinal cord injury; strychnine THERE IS A LARGE BODY OF EVIDENCE demonstrating how standing and stepping can be regulated and modulated pharmacologically into a variety of activation patterns and specific kinematics characteristics. These effects have been studied in a variety of experimental models ranging from normal in vivo locomotion (Barbeau et al. 1999; Rossignol et al. 1999 ) to highly reduced preparations that eliminate supraspinal (Grillner and Jessell 2009; Kjaerulff and Kiehn 1996) and/or peripheral (Lavrov et al. 2008a ) sensory input. Our focus has been to determine how selected drugs known to be related to postural and locomotor circuits modulate the lumbosacral circuitry output during acute and chronic periods after a midthoracic, complete spinal cord transection, i.e., the response of the neural circuits intrinsic to the lumbosacral segments when processing online sensory input in vivo with no influence from the brain Musienko et al. 2011) .
It has become clear that spinal cord epidural stimulation of this same circuitry at relatively low levels of intensity can enable the lumbosacral spinal cord to generate a wide range of remarkably well-coordinated motor tasks in animals (Gad et al. 2013b ) as well as in humans (Angeli et al. 2014; Harkema et al. 2011 ) after a spinal cord injury. Furthermore, a series of papers have demonstrated that there can be clear complementary effects of epidural stimulation and pharmacological modulation (Musienko et al. 2011; van den Brand et al. 2012) , i.e., electrical and pharmacological enabling motor control (eEmc and fEmc). Here we have focused on both quantitative and qualitative changes in the lumbosacral circuitry with repetitive presentation of eEmc and fEmc concurrently with step training. Our previous work in animal models demonstrates that it is highly likely that the more effective pharmacological intervention to promote the most robust recovery of motor function after a spinal cord injury will be some combination of pharmacological agents having synergistic and complementary effects on the networks of spinal interneurons and motoneurons associated with these tasks (Musienko et al. 2011 ). In addition, electrophysiological studies have shown a modulation of the middle and late responses (MRs and LRs) evoked in target hindlimb muscles with eEmc and/or fEmc. In contrast to Wenger et al. (2014) , our results suggest that the most effective locomotion pattern in response to eEmc and fEmc is derived when a greater proportion of the evoked responses from motor pools are randomly dispersed as LRs rather than MRs relative to each eEmc stimulation pulse (Gad et al. 2013c) .
In the present study we examined the relative importance of the LRs and MRs in response to eEmc and fEmc from two standpoints. First, how are these MRs and LRs generated by eEmc modulated by a combination of one modulator [quipazine (Quip) ] that increases the excitability of the spinal cord by activating 5-HT 2 receptors and a second modulator [strychnine (Strych)] that increases the excitability of the spinal cord by blocking inhibition via glycinergic receptors? Second, we ad-dress the question of how the effects of these neural modulators when used alone or in combination change throughout the postinjury training period and how these responses are related to the recovery of stepping ability. Our data indicate that the modulation of the step cycle by Strych and Quip concomitantly enhances the LRs and MRs, but with a relatively greater effect on the LRs during both the swing and stance phases of the step cycle. We also observed that the responses to neuromodulation and training progressively increase the level of output from an extensor vs. a flexor motor pool. These data demonstrate that electrophysiological properties at the network level can serve as a guideline for developing optimal stimulation and pharmacological interventions to facilitate the recovery of motor function after a spinal cord injury and perhaps other neural motor disorders.
MATERIALS AND METHODS
Animals and animal care. Data were obtained from seven adult female Sprague-Dawley rats (270 -300 g body wt). Pre-and postsurgical animal care procedures have been described in detail previously A: raw EMG from tibialis anterior (TA) and soleus muscles while the animals were suspended in a body weight support system with the legs touching the treadmill surface before electrical enabling motor control (eEmc, blue highlight) and after eEmc at 40 Hz (brown highlight) was turned on with and without quipazine (Quip) and/or strychnine (Strych). B: evoked potentials from the TA and soleus during eEmc (brown highlighted region) derived from the data shown in A. Each trace is a 25-ms sweep triggered by the stimulation pulse, with the lowest trace representing the first pulse and the highest trace representing the last pulse.
C: stick figures demonstrate the changes in posture pre-eEmc and after eEmc with and without Quip and/or Strych. D: average [mean Ϯ SE (n ϭ 5 rats)] normalized integrated EMG [soleus/(soleusϩTA)] before and during eEmc (each phase lasts 2 s). *Significantly different from Pre-eEmc at P Ͻ 0.05; horizontal lines signify significant differences between eEmc and eEmcϩQuip and between eEmc and eEmcϩQuipϩ Strych at P Ͻ 0.05. (Roy et al. 1992) . The rats were housed individually, with food and water provided ad libitum. All survival surgical procedures were conducted under aseptic conditions with the rats deeply anesthetized with isoflurane gas administered via facemask as needed. All procedures described below are in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Research Committee at the University of California, Los Angeles. Head connector and intramuscular EMG electrode implantation. A small incision was made at the midline of the skull. The muscles and fascia were retracted laterally, small grooves were made in the skull with a scalpel, and the skull was dried thoroughly. Two amphenol head connectors with Teflon-coated stainless steel wires (AS 632, Cooner Wire, Chatsworth, CA) were securely attached to the skull with screws and dental cement as described previously (Ichiyama et al. 2008; Roy et al. 1992) . The tibialis anterior (TA, ankle flexor) and soleus (ankle extensor) were implanted bilaterally with intramuscular EMG recording electrodes as described by Roy et al. (1991) . Skin and fascial incisions were made to expose the belly of each muscle. Two wires extending from the skull-mounted connector were routed subcutaneously to each muscle. The wires were inserted into the muscle belly with a 23-gauge needle, and a small notch (ϳ0.5-1.0 mm) was removed from the insulation of each wire to expose the conductor and form the recording electrodes. The wires were secured in the belly of each muscle via a suture on the wire at its entrance into and exit from the muscle belly. The proper placement of the electrodes was verified during the surgery by stimulation through the head connector and postmortem via dissection.
Spinal cord transection, epidural electrode implantation, and postsurgical animal care procedures. A partial laminectomy was performed at the T 8 -T 9 vertebral level, and then a complete spinal cord transection to include the dura was performed at approximately the T 8 spinal cord level with microscissors. Two surgeons verified the completeness of the transection by lifting the cut ends of the spinal cord with fine forceps and passing a glass probe through the lesion site. Gel foam was inserted into the gap created by the transection as a coagulant and to separate the cut ends of the spinal cord. For epidural electrode implantation, partial laminectomies were performed to expose the spinal cord at spinal cord levels L 2 and S 1 . Two Teflon-coated stainless steel wires from the head connector were passed under the spinous processes and above the dura mater of the remaining vertebrae between the partial laminectomy sites. After a small portion (ϳ1-mm notch) of the Teflon coating was removed and the conductor was exposed on the surface facing the spinal cord, the electrodes were sutured to the dura mater at the midline of the spinal cord above and below the electrode sites with 8.0 Ethilon suture (Ethicon, New Brunswick, NJ). Two common ground (indifferent EMG and stimulation grounds) wires (ϳ1 cm of the Teflon removed distally) were inserted subcutaneously in the midback region. All wires (for both EMG and epidural stimulation) were coiled in the back region to provide stress relief.
All incision areas were irrigated liberally with warm, sterile saline. All surgical sites were closed in layers with 5.0 Vicryl (Ethicon) for all muscle and connective tissue layers and for the skin incisions in the hindlimbs and 5.0 Ethilon for the back skin incision. All closed incision sites were cleansed thoroughly with warm saline solution. Buprenex (0.5-1.0 mg/kg sc 3 times/day) was used to provide analgesia. Analgesics were initiated before completion of the surgery and continued for a minimum of 2 days. The rats were allowed to recover fully from anesthesia in an incubator. The rats were housed individually in cages that had ample CareFresh bedding, and the bladders of the spinal rats were expressed manually three times daily for the first 2 wk after surgery and two times daily thereafter. The hindlimbs of the spinal rats were moved passively through a full range of motion once per day to maintain joint mobility. All of these procedures have been described in detail previously (Courtine et al. 2009 ).
Training procedures. As shown by the results of our previous studies (Courtine et al. 2009; Gad et al. 2013a) , most spinal rats appear to reach a plateau of recovery after 6 -7 wk of step training. All rats were trained for 5 days/wk, 20 min/day for 6 wk starting at 12 days postinjury (dpi), including the days of testing. Bipolar epidural stimulation (eEmc) between L 2 and S 1 at frequency of 40 Hz, pulse width 0.2 ms (current flowing from L 2 to S 1 ) was used in combination with Quip (0.3 mg/kg; Ichiyama et al. 2008) and Strych (0.5 mg/kg; Gad et al. 2013c ) injected intraperitoneally 10 min before each training/testing session.
Testing procedures. Bipolar epidural stimulation between L 2 and S 1 with and without Quip and/or Strych administration was used to evoke potentials in the hindlimb muscles during standing (frequency 1 Hz, pulse width 0.5 ms and frequency 40 Hz, pulse width 0.2 ms) and to test bipedal stepping ability on a specially designed motordriven rodent treadmill (40 Hz) (Capogrosso et al. 2013; Gerasimenko et al. 2008; Lavrov et al. 2006 ). The rats were tested for standing and bipedal stepping ability while in a body weight support system (de Leon et al. 2002) . Testing of the four conditions was performed over the course of 3 days.
Recording of kinematics parameters. A four-camera system was calibrated and used to track reflective markers placed on bony landmarks on the iliac crest, greater trochanter, lateral condyle, lateral malleolus, distal end of the fifth metatarsal, and toe of both hindlimbs. The video footage was processed with SIMI Motion analysis software (SIMI Reality Motion Systems, Unterschleissheim, Germany) to produce a three-dimensional (3D) reconstruction of the hindlimbs (Courtine et al. 2009 ). The 3D coordinates for a given marker were calculated with a triangulation procedure that partially accounts for the movement of the skin. This technique has been used successfully and implemented in many laboratories and has the precision necessary for the present study (Courtine et al. 2009; Gad et al. 2012 Gad et al. , 2013c Lee et al. 2012; Wang et al. 2011) .
Data analyses. EMG recordings from the hindlimb muscles were band-pass filtered (1 Hz to 5 kHz), amplified with an A-M Systems model 1700 Differential AC Amplifier (Carlsborg, WA), and sampled at a frequency of 10 kHz with a custom data acquisition program written in the LabVIEW development environment (National Instruments, Austin, TX) as described previously (Courtine et al. 2009 ). The integral of the EMG signal was calculated by estimating the area under the curve after rectification of the raw EMG to account for any oscillations in baseline activity as previously described (Roy et al. 1991; Whiting et al. 1984 ). The step cycle was determined by analyzing kinematics data with VirtualDubMod (open-source video processing, GPL). The start of the stance phase was defined as when the toe marker made contact with the treadmill. The start of the drag phase was defined as when the toe marker moved forward but was still in contact with the treadmill. The swing phase was defined as when the toe marker was moving forward and had lost contact with the treadmill. The swing phase ended when the toe marker made contact with the treadmill, and this point also marked the start of the following stance phase. Evoked potentials were identified with a custom script written in MATLAB (The MathWorks) as described previously (Gad et al. 2013c) . With a single pulse, the early response (ER) was estimated in a 1-to 3-ms window, the MR in a 4-to 6-ms window, and 
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eEmc, electrical enabling motor control; Quip, quipazine; Strych, strychnine; ϩ, improvement; ϳ, no changes.
LRs in a window Ͼ7 ms. At the higher frequency of stimulation (40 Hz), the LRs were estimated as responses with a 7-to 25-ms delay. The response latencies were determined from the onset of the stimulation pulse to the identified peak. These criteria scales are based on published data Lavrov et al. 2006) .
Statistical analyses. All data are reported as means Ϯ SE. Statistically significant differences were determined with one-way ANOVA. The criterion level for the determination of a statistical difference was set at P Ͻ 0.05 for all comparisons.
RESULTS

Facilitation of standing under the influence of eEmc with
and without quipazine and/or strychnine. At 49 dpi eEmc (40 Hz, between L 2 and S 1 ) alone selectively activated the soleus, with little activation of the TA (Fig. 1A ). This difference in activation level when the paws are plantar-placed but with minimal weight bearing is reflected in the pattern of evoked potentials: there was a robust MR (latency of ϳ5 ms) and a wide range of LRs (latency 7-25 ms) in the soleus and almost no evoked potentials in the TA (Fig. 1B) . Administration of Quip prior to eEmc resulted in a moderate activation of both the soleus and the TA (Fig. 1A) . The addition of eEmc further enhanced the EMG activity in both muscles. There was a diverse and robust pattern of evoked potentials in the soleus but no clear MR as observed with eEmc alone (Fig. 1B) . The TA showed a modest number of evoked potentials. Administration of Strych prior to eEmc had minimal effect on the EMG of 
EP, evoked potential; TA, tibialis anterior; MR, middle response; LR, late response; ϩ, improvement; ϳ, no changes; Ϫ, negative change. either muscle, and the addition of eEmc enhanced the activity of the soleus but not the TA (Fig. 1A) . Similar to the eEmcalone condition, there were almost no evoked potentials in the TA but robust MRs and diverse LRs in the soleus, although these were fewer with eEmc ϩ Strych than with eEmc alone (Fig. 1B) . Administration of Quip and Strych simultaneously modestly increased the activity in the soleus but not the TA (Fig. 1A) . The addition of eEmc increased the activity of both muscles, similar to that with Strych alone, and there were periods of robust evoked potentials in both muscles with no clear MRs and some degree of cocontraction. When the rat was suspended in the harness with the paws in a plantar-placed position prior to any intervention, there was flexion at the hip, knee, and ankle ( Fig. 1C ; Supplemental Video S1).
1 eEmc alone had little effect on the rat's posture. There was extension at the knee and hip with the administration of Strych and at all joints with eEmc ϩ Strych. The effects of the combination of Quip ϩ Strych with or without eEmc were greater than those of Quip with and without eEmc but less than Strych with and without eEmc. Thus the greatest amount of extension was observed with eEmc ϩ Strych. Mean normalized EMG integral (soleus/soleus ϩ TA) increased with the addition of eEmc in all conditions but eEmc ϩ Quip ϩ Strych. The mean normalized EMG integral in the soleus was lower with the administration of Quip (pre-eEmc) compared with eEmc alone. Strych, on the other hand, increased the selective excitability of the extensors that increased slightly with the addition of eEmc. The mean data (Fig. 1D) are consistent with the data shown in raw EMG and evoked potentials above (Fig.  1, A and B ; Tables 1 and 2 ). No significant changes in angles were observed.
Modulation of evoked potentials over time with eEmc.
To determine the spinal circuitry responses to a given eEmc stimulation parameter, we compared the patterns of MRs and LRs to continuous 40-Hz stimulation between L 2 and S 1 . The patterns and amplitudes of these responses to eEmc changed progressively from 12 dpi to 49 dpi. Also apparent was the pattern and consistency of EMG bursts in the TA and soleus (Fig. 2, A and B) . The principal changes in the pattern and magnitude of the MRs were most obvious in the soleus. When comparing the LRs at 49 dpi vs. 12 dpi there was a decrease in the peak amplitude as well a significant decrease in the amplitude near the end of the step cycle. Another difference was reflected in the increase in the relative amplitude of the LRs compared with the MRs. The amplitude profiles of the MRs and LRs in the TA were generally less dramatic than those observed in the soleus. Thus the most prominent change over time was the increase in the LRs in the soleus.
Facilitation of stepping in chronically step-trained rats by eEMC with quipazine and/or strychnine. At 22 dpi a clear MR was observed in the soleus under the influence of eEmc ϩ Strych but not with either eEmc ϩ Quip or eEmc ϩ Quip ϩ Strych (Fig. 3) . At all time points after injury, the number and amplitude of the evoked potentials in the TA tended to be higher with the administration of Quip with or without Strych compared with the administration of Strych alone. Addition of Quip and/or Strych resulted in increased amplitude in both the MR and LRs in the soleus. eEmc ϩ Quip resulted in multiple responses in the TA with fewer MRs and a greater number of LRs occurring throughout the soleus burst compared with eEmc alone. During eEmc ϩ Strych the soleus burst showed a robust MR throughout the burst similar to eEmc alone and with greater numbers and amplitudes compared with eEmc ϩ Quip.
1 Supplemental Material for this article is available online at the Journal website. soleus imply a unique selection of neuronal networks projecting to these two motor pools. As shown by the mean responses of seven rats, the ER, MR, and LRs in the TA were larger with eEmc ϩ Strych than with eEmc alone and similar with eEmc alone, eEmc ϩ Quip, and eEmc ϩ Quip ϩ Strych at 7 wk after injury (Fig. 4) . In the soleus the amplitudes of the ER and MR were smaller with eEmc ϩ Quip ϩ Strych compared with eEmc alone. At higher frequencies of stimulation during stepping on a treadmill, the FFT plots for the soleus bursts support a robust MR generating harmonics of 40 Hz and a range of other frequencies related to the LRs with eEmc alone (Fig. 5A) . A similar pattern is seen with eEmc ϩ Strych. In contrast, there is no clear harmonics at 40 Hz with eEmc ϩ Quip or eEmc ϩ Quip ϩ Strych, most Fig. 4 . Evoked potentials induced at suprathreshold intensities (4 V) of eEmc between L 2 and S 1 (1 Hz, current flowing from L 2 to S 1 ) from TA and soleus muscles with and without Quip and/or Strych at 49 dpi. Dashed lines mark the peak-to-peak amplitudes of the early response (ER, latency 1-3 ms), and dotted lines mark the peak-to-peak amplitudes for the MR (latency 4 -6 ms). Significant difference: from *eEmc only, †eEmcϩQuip, and ‡eEmcϩStrych at P Ͻ 0.05. likely reflecting the lack of time-linked responses to the stimulation pulses ( Fig. 5B ; Table 3 ).
Stepping patterns under influence of eEMC with and without quipazine and/or strychnine. Kinematics analyses identified differences in the stepping patterns under each condition ( Fig. 6 ; Supplemental Video S2).
Step cycle duration was longer with eEmc ϩ Quip than with all other treatments and shorter with eEmc ϩ Strych than with eEmc alone and eEmc ϩ Quip ϩ Strych (Fig. 7A) . The duration of the stance phase was not different across the four conditions, whereas the swing phase duration was longer with eEmc ϩ Quip than with all other conditions and longer with eEmc ϩ Strych and eEmc ϩ Quip ϩ Strych than with eEmc alone. In addition, drag time was shorter with eEmc ϩ Strych and eEmc ϩ Quip ϩ Strych than with eEmc alone and eEmc ϩ Quip. TA integrated EMG was highest and soleus integrated EMG lowest with eEmc ϩ Strych among all conditions during both the stance and swing phases (Fig. 7B) . Soleus integrated EMG during the swing phase was higher with eEmc ϩ Quip than with any other condition.
The foot marker during the stance phase was lower with eEmc ϩ Quip compared with all other conditions, suggesting greater weight bearing during stepping (Fig. 7C) . The foot marker during the drag phase was higher with both eEmc ϩ Strych and eEmc ϩ Quip ϩ Strych compared with either eEmc alone or eEmc ϩ Quip, consistent with the shorter drag times with eEmc ϩ Strych and eEmc ϩ Quip ϩ Strych. Both the foot and toe markers during the swing phase were higher with eEmc ϩ Quip ϩ Strych compared with all other conditions. The mean activation patterns of the soleus and TA muscles during the stance, drag, and swing phases of the step cycle under each condition are consistent with the above observations (Fig. 6B) . The timing and amplitude of the soleus EMG bursts within a step cycle were similar with eEmc, eEmc ϩ Quip, and eEmc ϩ Quip ϩ Strych. In contrast, the soleus EMG burst pattern was highly variable with eEmc ϩ Strych. The initiation of the TA EMG bursts within a step cycle was near the end of the stance phase with eEmc, eEmc ϩ Quip, and eEmc ϩ Quip ϩ Strych but almost simultaneous with the soleus burst with 
ϩ, Improvement; ϳ, no changes. eEmc ϩ Strych. Consequently, the amount of coactivation between the TA and soleus was highest with eEmc ϩ Strych. The vertical positions of the right and left foot markers reflect the alternating pattern and consistency of stepping, and this is shown for a representative rat walking on a treadmill under the four conditions tested (Fig. 6B) . The most robust alternating stepping pattern was observed with eEmc ϩ Quip ϩ Strych. Another perspective on the stepping patterns is shown by plotting the X-Y and X-Z coordinates of the foot marker during the same steps (Fig. 6C) . Compared with eEmc alone, the X-Y trajectories are improved with the other three treatments, with the eEmc ϩ Quip ϩ Strych condition showing the most robust effect. The trajectories in the X-Y plane (mediallateral displacement) show an overlap of the right and left feet with eEmc and eEmc ϩ Quip but little overlap with eEmc ϩ Strych and eEmc ϩ Quip ϩ Strych. Overall, eEmc ϩ Quip ϩ Strych results in the maximum vertical excursions and mediolateral displacements with little to no drag time (Table 3) .
DISCUSSION
Response patterns of spinally evoked potentials as biomarker of functional motor outcomes. The present data demonstrate in an adult in vivo preparation using an unanesthetized rat that there are unique patterns of evoked potentials with a range of delay times relative to the stimulation pulse. These patterns of evoked potentials seem to play a role in defining the overall kinematics of the step cycle and could potentially help improve neuroprosthetic stimulation strategies to optimize motor function after paralysis.
We reported ) an increase in number of LRs between 3 and 6 wk after a complete spinal cord transection under the influence of spinal cord stimulation at S 1 alone. We recently reported a change in the patterns of MRs and LRs under the influence of Quip or Strych in concert with eEmc, under different speeds and loads of stepping and during different phases of the step cycles (Gad et al. 2013c ). Modulation of MR and LRs varied during quadrupedal-like stepping under subthreshold stimulation during routine cage activity in complete spinal rats (Gad et al. 2013b) . The lack of a MR observed in such cases suggests a strong influence of the stimulation on the circuitry responsible to generate MRs. The variable time frames among the LRs looked similar to the evoked potentials observed in intact animals, suggesting activation of a more complex network (Fig. 2, Fig. 3, and Fig. 5B ).
The dominance of the MR early (2-3 wk) in the extensors and the reemergence of the LRs late (6 -7 wk) after injury ) along with the MRs suggest the activation of multiple networks to generate these specific time-linked evoked potential patterns. The time-linked MR suggests that it is a synchronized response to the stimulation, with the LRs being less synchronized in comparison. The lack of a clear MR at 49 dpi during eEmc ϩ Quip ϩ Strych suggests the reduced influence of the stimulation on the burst formation and a possible involvement of a more complex network generating responses non-time-linked to the stimulation pulse similar to LRs, appearing like random events with greater levels of stochastic properties. This lack of synchrony is supported by the lack of 40-Hz harmonics in the extensor burst in the FFT power spectrum (Fig. 5) .
It is hard to speculate on what networks are being activated, but the combination of the two drugs seems to lower the reliance on the MRs while increasing the LRs, seen via both . A: mean Ϯ SE (n ϭ 7 rats) duration of stance, drag, and swing phases and step cycle duration while rats were stepping with partial weight bearing on a treadmill at 13.5 cm/s supported by a body weight support system under the influence of eEmc with and without Quip and/or Strych. B: mean Ϯ SE (n ϭ 7 rats) integrated EMG of TA and soleus muscles during stance, drag, and swing phases of the step cycle. C: mean Ϯ SE (n ϭ 7 rats) height of the foot (MTP) and toe during stance, drag, and swing phases of the step cycle. Significant difference: from *eEmc only, †eEmcϩQuip, and ‡eEmcϩQuipϩStrych at P Ͻ 0.05. the evoked potentials as well as the power spectrum ( Fig. 3 and  Fig. 5 ). This is accompanied by a more robust pattern of stepping and firing of the EMG that is similar to uninjured animals, suggesting a more complex network (or multiple networks) being activated under these conditions. The exact nature of these networks is an important question to be addressed, but this is beyond the scope of this report. Our interpretation of the term "network" is that it represents some unknown combination of synaptic connectivity among a group of unspecified neurons. This terminology and concept is used because it is virtually impossible to explain the wide range of responses in evoked potentials that can be attributed to any one or more known pathways. This is particularly true when considering the observation of continuing changing physiological states, e.g., within a single step cycle (Gad et al. 2013c; Lavrov et al. 2006) . The concept of networks is becoming much more commonly used in the literature because of observations similar to those reported here.
Mechanisms of neuroelectropharmacological modulation and tuning of spinal networks to facilitate motor output. Spinal cord stimulation to facilitate stepping is frequency dependent and varies among species, the type and location of the stimulation , and the functional task being targeted (Angeli et al. 2014; Gad et al. 2013a; Harkema et al. 2011; Sayenko et al. 2014) . In decerebrated cats, epidural stimulation produces stable stepping at 3-10 Hz (Gerasimenko et al. 2003; Iwahara et al. 1991) , whereas intraspinal stimulation produces stepping at 40 -60 Hz (Kazennikov and Shik 1988) . Intraspinal microstimulation in spinal cats produces stepping at 2-6 Hz (Barthelemy et al. 2007 ). The optimum frequency for initiation of rhythmic movements with epidural stimulation in humans is between 30 and 40 Hz (Dimitrijevic et al. 1998 ) and is correlated with the appearance of longlatency components in the EMG bursts (Minassian et al. 2004 ). More recently (Angeli et al. 2014; Harkema et al. 2011) , we reported the use of 10 -15 Hz to facilitate standing and 25-30 Hz to facilitate voluntary motion while in a supine position in four of four paralyzed subjects with an epidural electrode array and a commercially available stimulator package. Our EMG recordings from rat hindlimb muscles indicate that the optimal stimulation frequencies for enabling stepping correspond to an interpulse interval that allows the LRs to occur uninterrupted by subsequent stimuli. For example, stimulation at ϳ100 Hz resulted in a MR that interfered with the generation of a subsequent LR (Gad et al. 2013a; Lavrov et al. 2008b) .
Significance of inverse changes in magnitude of evoked responses of a flexor and an extensor motor pool. The mechanisms underlying the facilitation of motor activity with eEmc are not fully understood . Neurophysiological recordings (Dy et al. 2010 ) and computer simulations (Danner et al. 2011 ) suggest that electrical stimulation engages spinal circuitries by recruiting dorsal root fibers carrying sensory input from the limbs at their entry into the spinal cord as well as along the longitudinal portions of the fiber trajectories (Musienko et al. 2012) . Sensory input primarily via flexor afferent reflex systems has widespread access to the spinal circuits and can initiate stepping in mammals (Jankowska et al. 1967; Sherrington 1910) .
5-HT 2 receptors have been reported to become constitutively active with spontaneous locomotor recovery after a severe spinal cord injury, thus minimizing the impact of the spinal cord's loss of access to brain stem-derived 5-HT that normally has a facilitating role in locomotion Murray et al. 2010) after spinal cord injury. This constitutive 5-HT 2 receptor activity seems to work in concert with the many other mechanisms such as step training (Ichiyama et al. 2008) , inhibitory glycinergic pathways (de Leon et al. 1999; Gad et al. 2013c) , propriospinal relays Cowley et al. 2008) , and other receptor systems (Jordan et al. 2008) . Locomotion and posture enabled by eEmc, Strych, and Quip over the course of 7 wk after injury (Fig. 3 and Fig. 6 ) appears to reinforce the extensor motor pools in concert with the chronic locomotor training. Thus the electropharmacological neuroprosthetic appears to balance the excitatory and inhibitory systems between the flexors and extensors to optimize stepping ability, weight bearing, and interlimb and intralimb coordination.
Conclusions. The reemergence in the LRs and reduced reliance on MRs and the changes in modulation of the flexor extensor motor pools as the animal recovers from paralysis suggest a constantly changing network being targeted, commonly referred to as plasticity of the neural networks (Edgerton et al. 2004 ). It appears that the chronic administration of Quip and Strych in concert with eEmc and step training rebalances the excitatory and inhibitory inputs to interneurons and motor pools such that the firing of motor units in flexors and extensors appears to be more stochastic and less synchronized (Figs. 5 and 6; Tables 1-3).
